INTRODUCTION
Low-density lipoprotein (LDL) is the major cholesterol carrier in human plasma, and an elevated LDL cholesterol level is related to coronary heart disease. It has been shown that the LDL particle can be oxidatively modified by incubation with cultured cells, such as monocytes [1] or endothelial cells [2] . The modification of LDL involves oxidation of the unsaturated fatty acids included in the LDL particle, with the appearance of lipid peroxidation products [thiobarbituric reactive substances (TBARS)], including reactive aldehydes [3, 4] . These aldehydes form covalent bonds with the lysine amino groups of apolipoprotein B100, leading to a decrease in the net negative charge of the LDL particle and to an increase in its electrophoretic mobility [5] . Oxidized LDLs are no longer recognized by the apo B\E receptor of fibroblasts, but are avidly taken up by macrophages via the non-down-regulated ' scavenger ' receptor pathway [6, 7] . This leads to cholesteryl-ester accumulation by macrophages and to their subsequent conversion into foam cells that are found in atherosclerotic plaque. It is thus currently accepted that oxidative modification of LDL plays an important role in the initiation and progression of atherosclerosis (see [8] for a review).
It has been suggested that diets enriched in polyunsaturated fatty acids (PUFA) are beneficial, in that they decrease plasma cholesterol level [9, 10] and could reduce the risk of coronary heart disease [11, 12] . However, it has also been reported that diets rich in monounsaturated fatty acids are as effective as diets rich in PUFA in lowering LDL cholesterol [13, 14] . Moreover, other works demonstrated that after monounsaturated fatty acids-enriched diets, the LDL particles were less susceptible to oxidative modification by cupric ions or by endothelial cells [15, 16] . Furthermore, the susceptibility of LDL to oxidation after a linoleate-rich diet was enhanced as compared with an oleate-rich diet [17] .
Abbreviations used : DHA, docosahexaenoic acid ; EPA, eicosapentaenoic acid ; LDL, low-density lipoprotein ; PUFA, polyunsaturated fatty acids ; TBARS, thiobarbituric acid reactive substances (lipid peroxidation products). 1 To whom correspondence should be addressed.
fold increase). The relative electrophoretic mobility of the LDL particle and its degradation by macrophages were enhanced in parallel. Concomitantly, PUFA stimulated superoxide anion secretion by endothelial cells. The intracellular TBARS content was also increased by PUFA. Comparison of PUFA from the two series indicates a good correlation between LDL oxidative modification, superoxide anion secretion and intracellular lipid peroxidation. The lipophilic antioxidant vitamin E decreased the basal as well as the PUFA-stimulated LDL peroxidation. These results indicate that PUFAs with a high degree of unsaturation of the nk6 and nk3 series could accelerate cell-mediated LDL peroxidation and thus aggravate the atherosclerotic process.
In addition to the fatty acid composition of the LDL particle itself, the nature of the fatty acids of the cells involved in LDL oxidative modification might also influence the process of LDL oxidation. We therefore investigated the effect of a PUFA supplementation on subsequent LDL oxidative modification by cultured endothelial cells. It was found that cell enrichment with PUFA significantly enhanced LDL oxidative modification, either for PUFA of the nk6 or for PUFA of the nk3 series, although the latter were slightly less efficient. A parallel increase in intracellular TBARS and in superoxide anion secretion was also observed.
MATERIALS AND METHODS

Materials
Fatty acids and all other chemicals were purchased from Sigma, St Louis, MO, U.S.A. Cell culture medium and fetal calf serum were from Gibco, Grand Island, N.Y., U.S.A. The J774 murine macrophage-like cells were from The American Type Culture Collection, Rockville, MD, U.S.A. The murine endothelial cell line UNA was a gift from Professor J. D. Chapman, The Fox Chase Cancer Center, Philadelphia, PA, U.S.A. This cell line was characterized by the presence of von Willebrand's factor. Na-"#&I (13-17 Ci\mg) was purchased from Amersham, Buckinghamshire, U.K.
Cell culture
The UNA endothelial cells were maintained in Ham's F10 medium supplemented with 10 % (v\v) fetal calf serum. The J774 macrophage cell line was maintained in suspension in RPMI 1640 medium supplemented with 10 % (v\v) heat-inactivated fetal calf serum. For "#&I-labelled LDL degradation experiments, the J774 cells were seeded in 35 mm Falcon Petri dishes to obtain monolayers. All experiments were performed on confluent cultures.
LDL preparation and labelling
LDL (d 1.024-1.050) was prepared from human normal serum by sequential ultracentrifugation according to the method of Havel et al. [18] , and dialysed against 0.005 M Tris\0.05 M NaCl\0.02 % EDTA, pH 7.4, for conservation. Before oxidation, EDTA was removed by dialysis, and LDLs, stored at 4 mC, were utilized within 2 days. "#&I-labelling of LDL was performed as described by Bilheimer et al. [19] . The specific radioactivity was about 250 dpm\ng of LDL protein.
Enrichment of cells with PUFA and PUFA analysis
Twenty-four hours after seeding at a density of about 5i10%\cm#, the cells were cultured for 48 h in Ham's F10 medium devoid of serum and supplemented with 0.1 % (w\v) BSA and 5i10 −& M of different fatty acids introduced in non-esterified fatty acidserum albumin solution as previously described [20] . The modification of the fatty acid content of cellular lipids was assessed by capillary GC as previously described [21] after extraction of the cell pellet by the method of Bligh and Dyer [22] .
LDL oxidation
Cells in 12-well plates were pretreated for 48 h with 5i10 −& M fatty acids. LDL oxidation by cells was then performed by 24 h incubation of 0.05 mg of LDL protein\well in 0.5 ml of Ham's F10 medium supplemented with 0.1 % (w\v) BSA in the absence of fatty acids, in order to avoid interaction of fatty acids with the LDL particle itself during the oxidation period. The lipid peroxidation products (TBARS) were measured using the fluorometric assay described by Yagi [23] after addition of 0.04 % EDTA. Results are expressed in nmol equivalents of malondialdehyde\mg of LDL protein, using malondialdehyde from tetramethoxypropane as standard, and calculated as a percentage of the control. The LDL diene level was evaluated from the absorbance at 234 nm using a Uvikon 922 spectrophotometer (Kontron Instruments).
LDL degradation by J774 macrophage-like cells
The endothelial cell-induced oxidation of "#&I-labelled LDL was first carried out for 24 h with 0.02 mg\ml LDL in Ham's F10 medium supplemented with 0.1 % (w\v) BSA. The medium was then transferred to J774 cells. LDL degradation was determined after 6 h as described by Goldstein and Brown [24] , and expressed as ng of LDL degraded\mg of cellular protein. Blank values from parallel incubations without cells were also determined.
Secretion of superoxide anion by cells
Cells were PUFA-enriched for 48 h in Ham's F10 medium as described and then incubated for 1 h in Dulbecco's modified minimum essential medium devoid of Phenol Red, in the presence of 2i10 −& M cytochrome c. Superoxide anion release was calculated from the difference of absorbance at 550 nm in the absence and presence of 0.1 mg\ml superoxide dismutase, using a molar absorption coefficient of 21 mM −" :cm −" .
Intracellular TBARS content
After PUFA enrichment for 48 h, the cells were resuspended in water, and the intracellular TBARS were determined by the method of Yagi [23] .
All experiments were done at least three times in duplicate. Statistical analysis was performed using Student's t-test. Table 1 shows that a 48 h preculture of UNA endothelial cells with oleic acid (C "
RESULTS
Enrichment of endothelial cells with PUFA
) and arachidonic acid (C #! : %,n−' ) resulted in a marked increase in the content of the fatty acid introduced in the culture medium. It is of note that the addition of C ") : $,n−' mainly resulted in an increase in C #! : %,n−' content, demonstrating that in the cells studied, γ-linolenic acid is very actively converted into arachidonic acid. The increase in the percentage of PUFA in cellular lipids was accompanied by an increase in the percentage of saturated fatty acids, mainly C "' : ! , and to a lesser extent C ") : ! , whereas the percentage of oleic acid (C ") : ",n−* ) was markedly reduced. Similar observations can be made about fatty acids of the nk3 series. Alpha-linolenic acid (C ") : $,n−$ ) was also actively converted into species of higher degree of unsaturation, mainly eicosapentaenoic acid (EPA) (C #! : &,n−$ ). However, it is of note that the total percentage of the polyunsaturated species was significantly higher when the cells were cultured in the presence of fatty acids of the nk6 series as compared with the nk3 series. For example, with C ") : $,n−' , the total percentage of PUFA was 28.6 %, while it only reached 20.4 % with C ") : $,n−$ . Enrichment with arachidonic acid led to a total percentage of PUFA of 27.1 %, compared with 21.4 and 21.1 % for EPA and docosahexanenoic acid (DHA) respectively. Thus, it seems that, at least in this cell line, the fatty acids of the nk3 series are less efficiently incorporated into cellular lipids than those of the nk6 series.
Enhancement of LDL oxidation by PUFA-enriched cells
The LDL oxidative modification by endothelial cells supplemented with PUFA was then investigated by determination of TBARS content (Figure 1a) , conjugated diene level (Figure 1b) , and of the relative electrophoretic mobility (Figure 1c ) of the LDL particle. Oleic acid had no effect, and linoleic acid only weakly affected LDL oxidation. In contrast, enrichment with γ-linolenic (C ") : $,n−' ) and arachidonic (C #! : %,n−' ) acids markedly increased the LDL TBARS content and conjugated diene level : a 1.6-1.8-fold increase was observed for γ-linolenic acid compared with a 1.7-1.9-fold increase for arachidonic acid. The fatty acids of the nk3 series, α-linolenic acid (C ")
, also enhanced LDL modification, but to a lesser extent than fatty acids of the nk6 series : an approx. 1.3-, 1.5-and 1.6-fold increase in TBARS level was observed for the three fatty acids respectively. Within the same series, a correlation was observed between the number of double bonds and the increase in LDL oxidative modification. Finally, the results from Figure 1(c) show that the electrophoretic mobility of the LDL particle was also increased by PUFA supplementation.
In order to compare the fatty acids from the nk6 and nk3 series, we incubated the cells with different concentrations of γ-linolenic acid (C ") : $,n−' ) and α-linolenic acid (C ") : $,n−$ ). Since the latter was less efficiently incorporated into cellular lipids (Table 1) , we chose a higher concentration range for this fatty acid. The results from Table 2 show that even at 10 −% M, the highest concentration of C ") : $,n−$ , the percentage of PUFA of the nk3 series was lower than those of PUFA of the nk6 series obtained with C ") : $,n−' at any concentration studied. These results confirm the fact that fatty acids from the nk3 series are incorporated to a lesser extent by the cells studied. If the overall PUFA percentage of the two series and the rate of LDL oxidative modification are compared, it appears that γ-linolenic acid (nk6) was more efficient than α-linolenic acid (nk3) in increasing LDL oxidation (P 0.05). For instance, at 2.5i10 −& M C ") : $,n−' , the total PUFA percentage was 26.8 %, which was similar to the 27 % obtained with 7.5i10 −& M C ") : $,n−$ . Yet, under these conditions, the fatty acid of the nk6 series induced a higher LDL oxidation rate (165 % compared with 141 % for the nk3 series).
Enhancement of LDL degradation by J774 macrophage-like cells after incubation with PUFA-enriched endothelial cells
Since LDL oxidation leads to a particle that is rapidly taken up and degraded by macrophages, the effect of PUFA supplementation was also tested on the rate of degradation of oxidized "#&I-labelled LDL by macrophages (Table 3) . It should first be noted that the LDL particles incubated in the presence of endothelial cells were approx. 3-4-fold more efficiently degraded by J774 macrophages than native LDL. When the endothelial cells were enriched with PUFA, the LDL degradation was further increased, and this phenomenon approximately parallelled the diene and TBARS levels of the oxidized LDL. It was again noted that for the same degree of unsaturation, γ-linolenic acid (C ") : $,n−' ) was more efficient than α-linolenic acid (C ") : $,n−$ ). Thus, the biological test of macrophage degradation further confirmed the results obtained from the study of the chemical properties of oxidized LDL. 
Enhancement of superoxide anion secretion by PUFA-enriched cells
In the next experiment, we tested whether the stimulation of LDL modification by PUFA-supplemented cells could be related to an increase in superoxide anion release. The results presented in Table 4 show that superoxide secretion by endothelial cells was actually enhanced by PUFA with a high degree of unsaturation, whereas oleic acid was ineffective, and linoleic acid only poorly effective. Again, PUFA of the nk3 series were less effective (1.3-1.4-fold increase) than PUFA of the nk6 series (1.3-1.9-fold increase).
Enhancement of intracellular TBARS after PUFA supplementation
We further determined the intracellular TBARS level after PUFA enrichment and found ( Table 5 ) that γ-linolenic and 432p42 Linoleic acid C 18 : 2, n − 6 516p41 γ-Linolenic acid C 18 : 3, n − 6 903p87*** Arachidonic acid C 20 : 4, n − 6 989p85*** α-Linolenic acid C 18 : 3, n − 3 667p57** EPA C 20 : 5, n − 3 701p66*** DHA C 22 : 6, n − 3 757p59*** arachidonic acids increased by 2.1-2.3-fold the intracellular lipid peroxidation product content, whereas fatty acids from the nk3 series only induced a 1.6-1.8-fold increase.
Prevention by D,L-α-tocopherol (vitamin E) of the PUFA-induced increase in LDL oxidation
In order to investigate further the mechanism whereby PUFA stimulate cell-mediated LDL oxidation, we tested the effect of vitamin E, a lipophilic antioxidant, on the PUFA-induced increase in LDL oxidation. Results in Figure 2 show that vitamin E, whether in the presence or absence of arachidonic acid, markedly decreased the endothelial cell-mediated oxidative modification of LDL.
DISCUSSION
The present results clearly demonstrate that endothelial cells precultured with PUFA of the nk6 and nk3 series oxidize LDL more efficiently, in terms of TBARS content, conjugated diene level and relative electrophoretic mobility (Figure 1 ). These results are in agreement with those of Suzukawa et al. [25] , who reported that macrophages enriched with nk3 fatty acids by preincubation with fish oil showed enhanced capacity to oxidize LDL. Under our experimental conditions, the biological test of the degradation by macrophages of the oxidized LDL particle also confirmed the enhanced LDL oxidative modification (Table  3) . It is of interest to note that the stimulation of cell-mediated LDL oxidative modification by PUFA appeared to be well correlated to the ability of the fatty acids to increase superoxide anion secretion (Table 4) . It is thus possible that the stimulating effect of PUFA on cell-induced LDL peroxidation might be related, at least partially, to an enhancing effect on superoxide production. Indeed, we [26, 27] and others [28] [29] [30] have demonstrated the involvement of superoxide anion in endothelial-and monocyte-mediated LDL oxidative modification. However, superoxide anion is not the only reactive oxygen species involved in LDL oxidation by cultured cells [31, 32] . The cellular enrichment with PUFA also resulted in an elevation of the intracellular lipid peroxidation products (Table  5) , and a good correlation was found between LDL oxidation, superoxide anion secretion and intracellular TBARS level. It has been reported that enrichment in PUFA of the nk6 and nk3 series results in lipid peroxidation and cellular cytotoxicity [33] . In hepatocytes, supplementation with EPA [34] or arachidonic acid [35] increased the susceptibility of the cells to oxidative stress. In endothelial cells, PUFA also enhanced lipid peroxidation and oxidant injury by hydrogen peroxide [36] . In keratinocytes, we have demonstrated that PUFA enrichment increased TBARS generation upon exposure to UVA light [37] . More recently, it was reported that in hepatocytes overexpressing cytochrome P-450, the enrichment with arachidonic acid induced cytotoxicity and apoptosis, an effect correlated with lipid peroxidation [38] . The work of Rota et al. [39] also suggested the possibility that superoxide anion and other free radicals could be formed from linoleic acid hydroperoxide in biological systems in the presence of cytochrome P-450 or Fe# + , with alkoxyl and peroxyl radicals as intermediates. The superoxide anion generated may then diffuse and react with other fatty acids, propagating lipid peroxidation. An alternative hypothesis could be that PUFA hydroperoxides formed intracellularly could diffuse to the extracellular medium, where they can react with superoxide secreted by cells or\and Fe# + , giving rise to the alkoxyl radical [40] , the latter being able to initiate LDL lipid peroxidation. It is of note that reactive oxygen species, such as superoxide anion and hydroxyl radical, can be formed enzymically via the cyclo-oxygenase and lipoxygenase pathways [41] . However, experiments performed with aspirin, a cyclo-oxygenase inhibitor, or with eicosatetraenoic acid, an inhibitor, albeit not absolutely specific, of the lipoxygenase pathway, did not show any significant inhibitory effect of these compounds on the arachidonic acid-induced enhancement of LDL peroxidation by UNA cells (results not shown). This supports the hypothesis raised above of a role of PUFA hydroperoxides in cell-induced LDL peroxidation. The involvement of cellular peroxidation in the subsequent LDL modification is also suggested by the fact that vitamin E, a lipid peroxidation chain-breaking antioxidant, abolished the effect of PUFA on LDL modification (Figure 2) . Concomitantly, vitamin E also decreased the intracellular TBARS, in the presence or absence of PUFA (results not shown). In other systems, the protective effect of vitamin E against PUFA-induced susceptibility to oxidative stress has been reported [42, 43] . Thus, the increase in LDL oxidative modification after PUFA supplementation might be related to the increase in cellular lipid peroxidation and to the parallel superoxide anion secretion.
Within the same series, it should be noted that PUFA of higher degree of unsaturation exhibited a somewhat more marked effect on LDL oxidative modification (Figure 1) . In some experiments, γ-linolenic acid was almost as effective as arachidonic acid, which could be related to its very active conversion into the latter within the cells studied (Table 1) . Furthermore, the comparison between PUFA from the nk6 and the nk3 series shows that the latter were less effective in enhancing intracellular TBARS production, superoxide anion secretion and LDL peroxidation. This might be due to the fact that the nk3 series was less efficiently incorporated into cellular lipids (Table 1) , but the results from Table 2 demonstrate that even with a similar percentage of PUFA, a cellular enrichment with the nk3 series induced a less marked increase in LDL modification. One possible explanation is that the nk3 series, because of the position of their double bonds, are less susceptible to oxidative damage than the nk6 series. This hypothesis is further supported by a report from Visioli et al. [44] , who demonstrated in an in itro system that the generation of oxidation products is not only related to the degree of unsaturation of fatty acids but also to the position of the double bonds. In their system, the oxidation of EPA (C #! : &,n−$ ) led to a lower level of TBARS and lipid peroxides, as compared with arachidonic acid (C #! : %,n−' ). In any case, it must be stressed that PUFA of the nk3 series also significantly enhanced the endothelial cell-induced oxidative modification of LDL. Although it has been reported that PUFA of the nk3 series might be of preventive value in relation to coronary heart disease [45, 46] , possibly by inhibition of platelet function [47, 48] and a decrease in plasma triacylglycerol level [49, 50] , some recent work reported the induction of oxidative stress induced by these fatty acids [33, 51] , which suggests that they might also have some harmful effects.
In conclusion, the present results show that supplementation of endothelial cells with PUFA enhances LDL peroxidation. This work also points at the possible role of intracellular lipid peroxidation in cell-induced LDL oxidative modification. Since LDL oxidation is currently believed to be one of the major events involved in atherogenesis, the stimulating action of PUFA on cell-mediated LDL peroxidation must be taken into account in the design of diets recommended for the prevention of car-diovascular diseases. If PUFA, especially of the nk6 series, are necessary for the synthesis of cellular mediators such as eicosanoids, an excess in nutritional support must be avoided, considering the fact that, after incorporation into both LDL and cellular lipids, they can enhance LDL peroxidation and possibly accelerate the atherosclerotic process. Moreover, since PUFA of the nk3 series are also able to enhance cell-induced LDL oxidative modification, their percentage in the diet must be carefully considered.
